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Abstract

Directed energy weapons are a potential “game changer” of modern naval warfare that
will dramatically increase capability while decreasing the risk of collateral damage, and as a
result, the Office of Naval Research has developed a Directed Energy Program. Beam control is
one of the five main fields of study in this program and is essential for the development and
operation of a directed energy weapon system. The United States Naval Academy has
constructed a unique Laser Jitter Control Testbed which is used in this research to study jitter,
the deviation of an optical beam from its intended path due to platform induced vibrations and
atmospheric effects. To mitigate jitter caused by mechanical vibrations without feedback from
the target, a feedforward compensation technique is proposed. This technique requires that the
position of the beam at the target be calculated in real time which is accomplished by
determining the exact position and orientation of the platform which fires the beam. Once the
position of the beam at the target is calculated, it is used in a feedforward control algorithm to
mitigate the platform induced jitter. This research demonstrates that it is possible to calculate a
beam’s position at a target approximately 5 m away with micro-meter accuracy for a complex
motion in real time based solely on platform and mirror positions. This calculated beam position
is then used in a feedforward compensation technique to mitigate platform induced jitter by over
90%. These results have the potential to improve the aimpoint maintenance on a target and

significantly reduce the power required for a directed energy weapon system.
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1 Introduction

1.1 Motivation

The Directed Energy Program at the Office of Naval Research (ONR) is a potential
“game changer” of modern naval warfare that will dramatically increase U.S. capability while
decreasing the risk of collateral damage. Five fields make up this program: (1) free electron
laser weapon system, (2) free electron laser for weapons of mass destruction detection, (3) high
power microwave weapon, (4) electric fiber weapon system, and (5) beam control. Beam control
is essential for the development and operation of all four directed energy systems, especially
when operating in the air or on the sea in a combat maritime environment. Specific
technological challenges include tracking maritime targets in high clutter ocean seas, aimpoint
maintenance on a rapidly maneuvering target, aiming and firing from a highly dynamic platform,
and compensation for atmospheric effects in a maritime environment." ONR has tasked
researchers at the Naval Postgraduate School (NPS) and the United States Naval Academy
(USNA) to investigate these unique challenges. It is the purpose of this research project to
address the aimpoint maintenance challenge to aid the development of a directed energy weapon
system suitable for use by the Navy in a combat maritime environment.

Directed energy beams are highly susceptible to jitter which is the deviation of a light
beam from its intended path due to mechanically induced vibrations and atmospheric effects.
For example, a 1 cm diameter directed energy beam with only 1 micro-radian (urad) of jitter will
result in roughly a 9 fold decrease in the intensity of the beam at 10 km. Due to the high amount

of energy needed to destroy a target (roughly 100 kW or more), ? this decrease in intensity is

! Deitchman, Michael B., “Naval S&T Strategic Plan-Defining the Strategic Direction for
Tomorrow,” Presentation to the U.S. Naval Academy, Annapolis MD, 24 October 2008

? Shachtman, Noah, “Weapons-Grade Lasers by the End of 2082 02 September 2008,
<http://blog.wired.com/defense/2008/09/weapons-grade-1.htmI>
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unacceptable and must be minimized. In addition, many control problems are more easily solved

if feedback is available from the intended target. However, this weapon system will be
employed in a highly dynamic environment and the beam’s precise location on the target must be
maintained to ensure burn through with the minimum amount of energy. Because of this, the use
of target feedback by means of visual detection methods may not be feasible. Instead,
feedforward control is desirable which will involve calculating the error in the system and then
correcting that error in real time as the weapon system is fired. USNA has developed a Directed
Energy Beam Control Laboratory which will be used in this research project to determine an
error signal that may be used to correct platform induced jitter using feedforward control

techniques.

1.2 History

While the control of disturbances from unwanted vibrations has been under investigation
since the early 1900s, only relatively recently have researchers explored the control of these
disturbances in optical beams. The first efforts in this area were in overcoming the problem of
image stabilization. Smith® wrote one of the first papers, published in 1928, on the algebraic
theory behind systems of plane reflecting surfaces. Beggs® developed an algorithm in 1960 for
quantifying mirror-image kinematics. Both of these methods used matrix algebra to solve the
image location on a focal plane for a series of reflections. In 1990, Royalty’ applied these matrix
techniques to a gimbaled mirror in anticipation of using these systems on vehicles that could
impart motion to the mirror itself. DeBruin and Johnson® applied vector analysis to establish a
line of sight reference frame, again for a mirror disturbed by motion of the base. In depth

research into the control of optical beams first began in the 1980’s and 1990’s for use in satellite

* Smith, T., “On systems of Plane Reflecting Surfaces”, Trans. Opt. Soc. 30 68-78

* Beggs, Joseph S., “Mirror Image Kinematics”, Journal of the Optical Society of America, Vol
50, Number 4, April, 1960

> Royalty, J., “Development of Kinematics for Gimbaled Mirror Systems”, Proc. SPIE, Vol.
1304, 262-274, Acquisition, Tracking, and Pointing IV, 1990

% DeBruin, James, C. and Johnson, David B., “Line of Sight Reference Frames: A Unified
Approach to Plane-Mirror Optical Kinematics”, Proc. SPIE Vol. 1697, p. 111-129, Acquisition,
Tracking, and Pointing VI, 1992



communications’, and adaptive control has been proposed for use in control systems to
accomplish accurate beam pointing.® The use of directed energy beams as weapons was
explored during this time, but laser systems and power requirements were too large, thus making
them impractical for naval applications. The recent advent of smaller lasers with high power
output has prompted the Navy to explore the use of directed energy systems on tactical naval
platforms. For the Navy to move forward with a directed energy system, beam control
technology must be advanced to minimize the power dissipating effects of jitter.

In the 1990’s, the Air Force began work on a high altitude directed energy system that
had the potential to shoot down theater ballistic missiles.” A downfall of this technology is the
extremely large and complex energy source which is not suitable for use in a tactical naval
platform. In addition, a directed energy system on a tactical naval platform will be exposed to a
much richer disturbance frequency spectrum than a high altitude one, thus making the Air Force
program not well suited for naval applications. There are currently several ground-based
directed energy programs in development as well. These systems have demonstrated the ability
to detect, track, and destroy targets, but they do not experience the dynamics of a tactical naval
platform and are therefore not subject to the higher amplitude mechanical vibrations expected to
be encountered in a combat maritime environment. More importantly, the dynamic nature of the
maritime and/or low altitude combat environment may make obtaining accurate feedback of the
beam’s location on the target problematic. Therefore, a jitter mitigation technique that uses
feedforward, as opposed to feedback, control is desirable.

The following technique develops an algorithm to compute the beam’s motion based on
the platform’s motion and mirror kinematics. While previously unavailable, today’s faster CPUs

and I/O cards present an opportunity to exploit extraordinarily sensitive sensors to determine the

" Skormin, V.A.; Tascillo, M.A.; Nicholson, D.J., "A jitter rejection technique in a satellite-based
laser communication system," Aerospace and Electronics Conference, 1993. NAECON 1993.,
Proceedings of the IEEE 1993 National , vol., no., pp.1107-1115 vol.2, 24-28 May 1993.

8 Skormin, V.A.; Busch, T.E.; Givens, M.A., "Model reference control of a fast steering mirror
of a pointing, acquisition and tracking system for laser communications," Aerospace and
Electronics Conference, 1995. NAECON 1995., Proceedings of the IEEE 1995 National , vol.2,
no., pp.907-913 vol.2, 22-26 May 1995

? Forden, G.E., "The airborne laser," Spectrum, IEEE , vol.34, no.9, pp.40-49, Sep 1997
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platform’s motion. Combined, this research has the potential to improve the aimpoint

maintenance on a target, thus significantly reducing the power required for a directed energy
system. This paper is organized as follows: first is a discussion of the experimental setup.
Following that, the theory used to develop the feedforward signal is explained. Finally,

experimental results and conclusions are presented.
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2 Experimental Setup and Procedure

2.1 Description of Major Components

Research for this project was conducted in the USNA Directed Energy Control

Laboratory as seen in Figure 1. The laboratory is located in Rickover Hall.

Figure 1. USNA Directed Energy Control Laboratory

The Newport Corporation’s Fast Steering Mirrors (FSMs) are the heart of beam control
system as they are used to rapidly and accurately direct the beam through the system. The FSM
provides two-axis, high-bandwidth rotation with sub-microradian resolution by using four voice
coil actuators. Used in push-pull pairs, the actuators provide smooth, even torque to the mirror.
The FSM used for this experiment has a control bandwidth of 800 Hz. using a 2.54 cm (1 inch)

mirror and is shown in Figure 2.
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Figure 2. Newport FSM

A Newport research grade breadboard with constrained layer damping simulates the
directed energy beam’s source platform. This breadboard is a 91.44 by 91.44 by 5.08 cm (36 by
36 by 2 in) honeycombed breadboard constructed to eliminate torsional and bending modes

below about 200 Hz. The mass is 71.3 kg.

Figure 3. Newport Breadboard

The breadboard is mounted on a Newport research grade optical table using four
compression springs and four isolators. The stainless steel springs are approximately 3.8 cm
long with an outer diameter of 2.8 cm and have a stiffness of 20 kN/m. Simulation of the
vibrations that would be encountered on an aircraft will be accomplished by inertial actuators.
The actuators are manufactured by CSA Engineering (SA-10) and have a rated force output of 10
Ibf for frequencies up to 1,000 Hz. The actuators are configured such that one actuator is
mounted vertically and imparts roll motion to the platform while the second actuator is mounted

at a 45 degree angle to the vertical and imparts both pitch and yaw motion to the platform (see
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Figure 4). The isolators are Newport SLM-1A air mounts and are pressurized to 275 kPa,

resulting in a natural frequency of 3.5 Hz for the mount. The Newport optical table is a RS 4000
series that measures 1.2 m by 1.8 m by 45.7 cm (4 ft by 6 ft by 18 in) thick and is mounted on
Newport [-2000 Pneumatic Isolators with Automatic Leveling.

To determine the position and orientation of the platform as well as the beam’s position
on target, On-Trak’s Position Sensing Detectors (PSD) and mountings (designated a Position
Sensing Module (PSM)), are driven by an On-Trak OT301 Position sensing amplifier. The
combination is used to measure the movement of the main beam and positioning beams. The
PSMs have a detection area of 10x10 mm and provide the position of the center of the laser beam
in two dimensions. The minimum resolution of the PSM is approximately 0.5 micrometers when
combined with the OT301 amplifier. The lasers used on the platform and for the main beam are
5 mW, 635 nm diode lasers, with an elliptical beam measuring 3.8 mm x 0.9 mm. The main
beam is circularized by an anamorphic prism pair. Technical specifications and additional
details for each laboratory component can be found in the Appendix.

The computer control system is based on MATLAB R2006b with SIMULINK from
Mathworks, and the xPC Targetbox from SpeedGoat. The main computer for control
implementation and experiment supervision is a Dell Precision 690 work station with a CPU

speed of 3.8 GHz. The xPC Targetbox is an Intel Core 2 Duo running at 2.13GHz.

2.2 Experimental Method

This research project uses the configuration in Figure 4 and Figure 5 to calculate an error
signal by determining the position and orientation in real time for the full beam control system.
The configuration contains the platform, two inertial actuators mounted on the platform’s
surface, four PSMs, and the laser. Three position PSMs are on the platform, with a diode laser
mounted next to them off the platform, to develop the position of three points on the surface.
The PSMs will move with the platform and their associated diode laser will remain fixed on the
optical table. The motion of the PSMs translates into an x-y laser position on each PSM’s
detection area. Assuming the positions of the PSMs do not change, the known distance between
the position PSMs can be used to find the equation of the plane. The fourth PSM will be the

target, approximately 5 meters away. It is recognized that this type of measurement system can
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not be used on a mobile platform. However, if an error signal can be developed that is suitable

for correcting the beam, the calculated beam error as a function of accuracy in the position and
orientation may be known. The specifications for an on-board inertial measurement unit (IMU)
may then be determined to accomplish the desired accuracy for the error signal.

In the experiment, the platform is disturbed by two inertial actuators using multiple
frequencies along with random noise. The position of three points on the platform, in two
dimensions, is measured using the position PSMs in a time step of 500 psec as the platform is
disturbed by the inertial actuator. These measurements are used to generate an algorithm to
determine the position and orientation of the platform as a function of time. Knowing this
motion and each reflective surface’s orientation, the beam intercept point is then calculated and

compared to the laser motion at the target.

Vibration axis at 45 deg
angle to the local vertical Vibration axis

at local vertical

—
L =
FH ==
=

Target

El

u FSM

X axis

Source Table uz axis Target Table

Figure 4. Experimental Configuration




Figure 5. Experimental Configuration
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2.3 Tunnel Isolation Effects on Jitter a

The entire laboratory setup is enclosed by acrylic windows in an effort to mitigate possible
atmospheric or acoustic disturbances. After the beam is reflected off of the FSM, it travels
through a tunnel (

Figure 6) approximately 5 meters before it intercepts the target PSM. Figure 7 shows the
effects of the tunnel on the beam’s vertical position at the target. For this experiment, the
platform was not disturbed and the FSM was held at a fixed position. This figure shows that the
jitter is noticeably reduced, and the transverse motion of the platform due to acoustic and seismic
disturbances within the laboratory is clearly seen. This setup will allow experimental

verification that the platform induced jitter has been mitigated.

Figure 6. Tunnel
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3 Theory

3.1 Calculated Beam Position

To correct platform induced jitter, the error between the beam’s actual impact and its
intended impact point must be determined. This is normally accomplished by using feedback
from the target. Obtaining feedback may be problematic in the expected environment. Therefore
a feedforward control system is proposed to mitigate the jitter imposed by the platform. A
feedforward system will require the beam’s path to be predicted in real time. Applying rigid
body kinematics for the platform and the laws of geometric optics to the optical control system
provides the means of determining the position of the impact of the beam at the target based only
on platform motion. Atmospheric effects may be corrected by other means such as deformable
mirrors and probe beams. Assuming the platform on which the beam source and control mirrors
are mounted is rigid, the position and orientation of the platform, and any point on it, can be
determined, given accurate sensory input. The platform used in the experimental apparatus rests
atop four springs which allows limited displacement and rotation in six degrees of freedom.
From sensors, the position of the platform at three points can be measured and using these three
points, the equation for the platform’s surface can be determined. This equation is used to find
the displacement and orientation of the composite bodies on the platform, specifically the
starting location of the beam and the orientation of the reflective surfaces that controls the beam.
From this information, the plane for each reflective surface is determined. Geometric optics are
introduced to calculate where the beam will travel given the orientation of its source and the
reflective surface that controls it. In addition to the orientation of the reflective surface on the
platform, the mirrors can rotate about two axes to control the beam’s direction. The rotation of
the mirror is reported by the mirror’s sensing system which provides the necessary information

required to compute the normal vector to each reflective surface. The normal is then used to

generate a reflection matrix, |_Tref _|
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1-2n? -2nn, -2nn,
[Trefl:lz —2nn, 1_2n§ —2n,n; | (1)
-2nn, -2n,n, 1-2n;

where nj is the i component of the vector normal to the plane calculated from the mirror and
platform position and orientation. The original direction of the beam, T, is multiplied by this

reflection matrix to determine the new direction of the beam, r'
M=[Ta ]l @

This new direction, along with the starting point, X, and distance to the next point, d, is used to

determine the intercept point of the beam, X' , on the next intercept plane:

d is calculated as

1 1 1 1

det m1,1 m2,1 m3,1 X

m, , mz,z m, X

m, m; My X

d= : (4)

1 1 1 0

det ml,l m2,1 m3,1 n

m1,2 mz,z m3,2 r

m; m2,3 m, K

where the m;j are the i component of the jth coordinate on the intercept plane. Three arbitrary
points on the intercept plane (the m;;) are required to find the intercept point. The intercept point

and the beam direction from the last reflective surface on the platform are determined in the
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platform coordinate system. To find the point in the target’s coordinate system, the last

reflective surface’s intercept point and beam direction are multiplied by a rotation matrix, [T, |

c(Ay)c(Az) c(Ay)s(Az) —s(Ay)
[T ] =] S(AX)S(AY) o(AZ) — c(AX)S(AZ)  S(AX)S(AY)S(AZ) +c(AX)c(AZ)  s(AX)c(ay) | ()
c(AX)s(AY) c(Az) +s(AX)c(AZ) c(AX)s(AY)s(Az) —s(AX)c(Az) c(AX)c(AY)

The ¢ and s signify cosine and sine of the angle respectively. The angle is the rotation about the

pitch (AX), roll (Az) and yaw ( Ay ) axis, with the roll axis being the axis in the direction of the

target. The position and the beam direction in the target frame of reference is then found by

XI = [Trot ] YF’ (6)

= [Trot ] I (7)

The subscript | indicates the target frame of reference coordinate system (inertial coordinate
system in the case of the laboratory setup). The values of the intercept point on the last plane
and the direction from the last plane must be in the target frame of reference and used in the
calculation of d for the distance to the target in equation(4).

For the case of multiple mirrors, if the intercept point is another reflective surface, this
process is repeated using the next mirrors orientation, the intercept point on the previous mirror,
the beam direction after reflection and the distance d as calculated by equation(4). For multiple

reflective surfaces, the following algorithm may be used:
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where K is the number of reflective surfaces, [Treﬂ ]: [I] (identity matrix), “d is in the target’s

frame of reference, and [T ] is the reflection matrix for the jth mirror. If this intercept point is

refl
the target, then the impact position is theoretically known and the error can be determined. This
error can then be used in a feedforward compensation technique using adaptive filters to predict

the beam’s position

3.2 Proportional-Integral Control

A proportional-integral (PI) controller is used to correct for the platform induced jitter
using both target feedback and the calculated feedforward signal. Proportional-integral-
derivative (PID) controllers are very common in industry and can easily be adjusted on-site. In
addition, PID controllers are very common because of their general applicability to most control
systems and because it is not necessary to know the mathematical model of the plant being
controlled. In this research, the derivative term, which is usually included in the traditional PID
controller, is not used since derivative action is very sensitive to measurement noise. The PI
controller calculates an error value as the difference between a measured process variable and a
desired set-point. The controller attempts to minimize the error by adjusting the process control
inputs. The proportional value determines the reaction to the current error and the integral value
determines the reaction based on the sum of recent errors.'® The block diagram for the PI
controller with the calculated feedforward signal is shown below in Figure 8. P denotes the
primary plant transfer function which the disturbance must pass through before the output, and S
denotes the secondary plant or actuator transfer function the control signal must pass through

before the summing junction.

10 Ogata, K., Modern Control Engineering, 4™ ed, Prentice Hall, Upper Saddle River, NJ, 2002.
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Figure 8. PI Controller Block Diagram

To determine the optimal gains for the PI controller, the Ziegler-Nichols method is used
to tune the controller. The integral gain, K;, is first set to zero and the proportional gain, Kp, is
increased until it reaches the ultimate gain, K, at which the output of the loop starts to oscillate.

The ultimate gain and the oscillation period, Py, are used to set the PI gains as follows: "'

K, =0.45K, (9)

K =P, /1.2 (10)

As previously discussed, the FSM can rotate about its local x and y axes. As such, gains
are needed for the both axes, thus each axis is tuned independently of the other. The gains are
determined by giving the FSM a step input. The proportional gain is increased until the mirror
goes unstable. Figure 9 shows the position of the mirror (in mV) in response to the step input
right before the critical gain was reached. The mirror goes to the commanded step position and
does not oscillate. Figure 10 shows the position of the mirror at the critical gain as can be seen

by the oscillations. The ultimate gains, ultimate period, and PI gains are listed in Table 1.

' Ogata, K., Modern Control Engineering, 4™ ed, Prentice Hall, Upper Saddle River, NJ, 2002,
p. 685
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Table 1. PI Controller Gains

X axis y axis
K, 0.0532 0.0705
P, 0.002 sec 0.002 sec
K, 0.0239 0.0317
K, 0.0017 0.0017
250
200 e B
>
€ 150
¥ 100
>
50
%9 0.002 0.004 0.006 0.008 001 0012 0014 0.016 0.018 0.02
sec
250
200
>
€ 150 —
§ 100
50
0

0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
sec

Figure 9. Mirror Position before Critical Gains
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Figure 10. Mirror Position at Critical Gains

3.3 Least Mean Squares Control

The Least Mean Squares (LMS) algorithm is one of the simplest yet robust adaptive
algorithms. In the LMS algorithm, the tap gains (wy in Figure 11) are adjusted based on the
response of the system to the error, a reference signal correlated with the disturbance, and the
control input. The algorithm uses the method of Least Squares to find the optimum values for
the tap gains. In particular, the algorithm relies on predicting its next input, which is simply the
disturbance to the beam in the case of laser jitter control, to optimize the tap gains. The error, the
difference between the predicted signal and the system output, is then used to recalculate the
gains that minimize the error in return. For the experimental Testbed, the feedback or
feedforward signal is used to provide the error signal, and the accelerometers or PSMs provide
the correlated disturbance input signal.'® This type of control algorithm not only calculates the

necessary gains, but also identifies the system, simplifying the requirement to mathematically

'2 Watkins, R. and Agrawal, B., “Use of Least Means Squares Filter in the Control of Optical
Beam Jitter”, Journal of Guidance, Control and Dynamics, Vol. 30, No. 4, July-August 2007



model the system. The predictor in this LMS algorithm can be described as a transversal or

ladder filter, as shown in Figure 11.

x(n) x(n-1) x(n-M+2) x(n-M+1)

> 7-1 ™ Z1 |—™ eee

(4

e(n) < @)1 S(n)

Figure 11. Filter for LMS Algorithm

The reference signal, x(n) , is delayed one time step for each of the M stages, with the
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exception of the current input, forming a vector of delayed inputs, [x(n), x(n-1), - x(0-M+D)]"

The inner product of the vector of tap gains, W(n), and the vector of delayed inputs, X(n),

produces the scalar control input, u(n), to the FSM.

u(n)=w" (n)x(n) (8)

The desired output, S(n), is that FSM motion which results in the cancellation of any perturbation

in the laser beam caused by the supporting structure and equipment vibration (the disturbance or

d(n), see figure below). The error is the difference between the target center and the laser

beam’s actual position at the target.
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The tap gains are adjusted by means of the update equation developed by Widrow." 1 is the

adaptation step size that controls the stability of the algorithm.
W(n+1)=w(n)+ux(n)e(n) (10)

The block diagram of the algorithm in a form for implementation in the beam control
system is shown in Figure 12 below. Again, P denotes the primary plant transfer function which
the disturbance must pass through before the output, and S denotes the secondary plant or
actuator transfer function the control signal must pass through before the summing junction. P
includes the transfer function of the structure of the bench and mirrors for the case of vibration of
the bench, the transfer function of the sensors, as well as the gain effect caused by the distance
the light beam travels through the system to the target. S must include the effect of vibration to
the control mirror, the transfer function of the mirror and sensors, and the delays inherent in the

digital signal processing and the computation of the control signal.

Optical Bench Jitter Control Mirror

s(n)
- - - = = - .> P ----------------- ’ S @
Disturbance H

Source, V() A m, and ns Target
v Calculated

_.Beam Position
\ 4 \FIR Filter u(n)
E@—> w Reference
Control Signal Position +
x(n)
Reference e (n)
Adbitie Error estimate
Algorithm

Figure 12. LMS block diagram

3 Widrow, B., Adaptive Signal Processing, 1st Ed., Prentice-Hall, Upper Saddle River, NJ, 1985
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3.4 SIMULINK Model

The Directed Energy Beam Control Laboratory is operated using a SIMULINK model
built in MATLAB which is shown below in Figure 13. The model contains several blocks which
perform all the operations necessary to running the laboratory. The first block (light green)
inputs the PSM and FSM data. The second block (first pink block) is the beam calculation
algorithm which includes all the calculations previously discussed that are required to compute
the beam’s position at the target. It uses the input data, performs the calculations, and outputs
the beam’s position at the target. The next blocks (blue and pink) are the controllers, one for the
PI controller and another for the LMS controller. These controllers use either target feedback or
the calculated feedforward signal to determine a command for the FSM that will correct for the
platform induced jitter. The final block (last blue) is for the outputs of the model. It sends
commands for the inertial actuators and the FSM to the experiment. The maximum execution
time for one cycle was determined to be approximately 40 pusec. The time step used in the
experiments was 500 pusec which means that the system is taking in data, performing the
calculations, and outputting commands all within the experimental time step. Thus, the
calculated feedforward signal can be thought of as a real-time signal, the same as the target

feedback signal.
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Figure 13. SIMULINK Model Block Diagram

Each of the blocks depicted in Figure 13 contains multiple sub-blocks that contain the
necessary calculations for running the laboratory. Several of the sub-blocks are discussed below
while the additional sub-blocks can be found in the Appendix.

Figure 14 contains the sub-blocks of the beam calculation algorithm. The first block
(pink) contains the rotation matrix which inputs the PSM data and calculates the platform’s
rotations about the X, y, and z axis. The FSM block (gray) inputs the FSM position in volts and
converts it to an angle in radians that can be used in future calculations. The green block is the
heart of beam calculation algorithm. It inputs the platform rotations and FSM position and
calculates the beam’s position at the target. It contains the necessary normal calculations and the

reflection matrix.
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FSM-Ax cmd
LMS filter x axis
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Figure 16 below are the block diagrams of the PI and LMS controllers respectively. As
previously mentioned, both controllers can use either the feedback or feedforward signal to
determine necessary FSM command to correct for platform induced jitter. The controllers can

also be turned off in order to run experiments with no control.

12:34 — Lb
Digital Clock 3 — 12:34 T mmemd
Switch3 Digital Clock 2 = FSM-Ax cmd
i Switch2
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Constant 2
X PID

Gain 1

x_control

x_control
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Inputs <ot5x> .
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y an 12:34 —
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y_control Digital Clock 4
- Switch4 Digital Clock 1] —
: ‘ 0 Switch1
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y_control

Figure 15. PI Controller
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Figure 16. LMS Controller
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4.1 Platform Motion

4 Experimental Results
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The experiments were conducted using two inertial actuators which imparted a complex

pitch, roll, and yaw motion to the platform. The first inertial actuator is mounted at a 45 degree

angle to the horizontal axis of the platform and is located along the back edge of the platform in

the center. The second inertial actuator is mounted vertically on the left side of the platform.

The first case investigated used only the first inertial actuator disturbing the platform at 17 Hz.

The platform motion for this first case is shown below in Figure 17. The second case used both

inertial actuators disturbing the platform with the following frequencies: 10, 13, 17, 23, 27, 41,

and 45 Hz. The platform motion for this second case is shown below in Figure 18. The

rotations of the platform about the pitch, roll, and yaw axis are given in prad.

urad

urad

o
©

Figure 17. Platform Motion for 17 Hz Disturbance
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Figure 18. Platform Motion for Multiple Frequency Disturbances
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4.2 Spectral Analysis of System with No Control and Residual Jitter

A spectral analysis is performed for each experimental run in this investigation. The
spectral analysis depicts the frequencies that are present in the system. Before the platform is
disturbed, a spectral analysis is done for the system at rest. The spectral analysis done in this
investigation was performed by calculating the power spectral density of the signal using
Welch's averaged modified periodogram method of spectral estimation, a window size of 8192
with no overlap, and 30 seconds of signal sampled at 0.001 seconds. In Figure 19, the spectral
analysis of a representative accelerometer (accelerometer 2 in these cases) is shown on the top
graph, and the spectral analysis of the position of the beam at the target is shown on the bottom
graph (Figure 21 and Figure 22 in like manner). As can be seen in Figure 19, even when the
platform is not being disturbed by the inertial actuators, there is still motion in the system at 5 Hz
and 14 Hz. These frequencies correspond to two rigid body modes of the platform spring and
isolator system which is excited by energy in the laboratory that can result from seismic or

acoustic disturbances, with 5 Hz being the first transverse (vertical) mode, and 14 Hz



34
corresponding to the first rotational mode (about the pitch axis). The accelerometer (and to some

extent the PSMs) shows instrument noise at 60 Hz.

In addition to this motion, there is residual jitter in the diode laser used for the main
beam. By using a high pass filter, the effect of the platform motion is removed and the jitter in
the laser can be determined. Figure 20 shows this beam motion at the target. This residual jitter
is not included in the control analysis since it cannot be corrected. The standard deviation of the

filtered residual jitter was calculated to be 0.525 prad.

Accelerometer #2
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: o
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frequency, Hz

Figure 19. Spectral Analysis, No Disturbance, No Control
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Flgure 20. Filtered System Remdual Jitter

Figure 21 and Figure 22 show the power spectral density for the system for both the 17
Hz and multiple frequency disturbance cases. Figure 21 shows frequencies at 5 Hz (the first
transverse mode), 17 Hz (the disturbance), and 34 Hz (the first harmonic of the disturbance).
Figure 22 shows frequencies at 5 Hz (again, the first transverse mode), at each disturbance
frequency, and several harmonics of the disturbance frequencies. These spectral analysis plots
confirm that the commanded disturbance frequencies are indeed present in the system as well as
the rigid body modes of the platform excited by the disturbance input. Both the x and y
directions in the platform coordinate system for accelerometer 2 and the horizontal (x) and

vertical (y) directions at the target are shown in this and the following analysis figures.
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Figure 22. Spectral Analysis, MultipAle Frequency Disturbances, No Control

4.3 Beam Calculation Results

As previously discussed, the primary objective of this research project was to calculate
the position of the beam at the target using only the position and orientation of the platform and
the FSM. Ideally, this calculated position would be the feedforward signal that could be used
instead of target feedback for use with the PI and LMS controllers. Figure 23 and Figure 24



depict the actual position of the beam at the target in blue (feedback) and the calculated beam
position at the target in green (feedforward) for the 17 Hz and multiple frequency disturbance
cases respectively. As can be seen, the signals match very closely thus validating the

feedforward calculated signal. The position of the beam at the target is given in um.
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Figure 23. Actual vs. Calculated Beam Position at Target for 17 Hz Disturbance
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Figure 24. Actual vs. Calculated Beam Position at Target for Multiple Frequency Disturbances
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While the actual and calculated beam positions appear very close in Figure 24, even the
smallest error in the feedforward signal will adversely affect the ability to correct for the actual
jitter in the system. Thus, a closer analysis is necessary. The jitter angle at the target with no
control was determined for the feedback and feedforward signals. The feedforward signal was
then subtracted from the feedback signal to determine the error in the feedforward signal. A 50
msec moving average of the error was calculated and plotted in Figure 25 and Figure 26. For the
17 Hz disturbance, the root mean squared (RMS) error of the feedforward signal prior to
applying the moving average was 1.64 prad. The 50 msec moving average error was less than
0.5 prad for the entire run indicating the overall accuracy of the feedforward signal. For the
multiple frequency disturbances, the root mean squared (RMS) error of the feedforward signal
prior to applying the moving average was 1.88 urad. The 50 msec moving average error was
only greater than 1 prad for 0.50 msec out of a 3.0 sec run indicating the overall accuracy of the

feedforward signal.
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Figure 25. 50 msec Moving Average of Error between Actual and Calculated Jitter Angle at
Target for 17 Hz Disturbance
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Figure 26. 50 msec Moving Average of Error between Actual and Calculated Jitter Angle at
Target for Multiple Frequency Disturbances

4.4 Experiment Description

Eight experimental runs were conducted to investigate the mitigation of platform induced
jitter using PI and LMS controllers. For each controller, both the 17 Hz frequency disturbance
and the multiple frequency disturbances cases were investigated. Each case was investigated by
first employing the feedback signal and then using the calculated feedforward signal. The runs
lasted five seconds each. The platform was disturbed for 2 seconds while the mirror was held in
a fixed position allowing the calculation and depiction of the jitter without control. The
controller was then turned on and allowed to run for the remaining 3 seconds. The position of
the beam at the target was recorded and then the jitter angle was calculated and plotted in the
figures below. For the plots below, the red line represents no control, the blue line represents

control using target feedback, and the green line represents control using feedforward.
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4.5 PI and LMS Control Experimental Results

Experimental results for the mitigation of platform induced jitter using a PI or LMS
controller are shown in the eight figures below. Figure 27 and Figure 29 depict the jitter angle at
the target for the 17 Hz disturbance using both feedback and feedforward. As can be seen, the
feedforward is not as effective in compensating for the platform motion.

The power spectral density in Figure 28 and Figure 30 shows the significant frequencies
in the system. The peaks at 5 and 14 Hz are the rigid body modes of the platform as previously
discussed. The peak at 5 Hz in the feedforward case is due to the fact that the prediction
algorithm does not include the slight transverse motion that was expected in the experiment. As
the 14 Hz peak (corresponding to rotation about the pitch axis) is much more evident in the
feedforward case than in the feedback case, it is believed that this part of the beam calculation
algorithm may have some error associated with it. The 17 Hz peak is the disturbance frequency
and 34 Hz is the first harmonic of the disturbance. These 4 frequencies are present in all 3 cases
(no control, feedforward and feedback). However, there are also frequencies present in the
feedforward case at 33, 35, and 60 Hz that are not present in either of the other 2 cases. The 60
Hz is most likely a result of sensor noise, amplified by the beam calculation algorithm, but the
source of the other 2 frequencies is unknown. In addition, the feedforward case has added
energy at the higher frequencies while the feedback case is at a lower level (as compared to the
no control case). These unknown frequencies and higher energy level indicate why the

feedforward control is not quite as effective as feedback control.



dB/Hz

40

30

20

10

-10

50 N S——
— Feedback
45 ~
40
35
30
g
20
5 I
10 it
- “ u | A T N

Figure 27. PI Jitter Control for 17 Hz Disturbance
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Figure 28. PI Spectral Analysis for 17 Hz Disturbance
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Figure 29. LMS Jitter Control for 17 Hz Disturbance
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Figure 30. LMS Spectral Analysis for 17 Hz Disturbance

Below, Figure 31 and Figure 33 depict the jitter angle at the target for the multiple
frequency disturbances using both feedback and feedforward control. In comparison to the

single frequency case, the amount of jitter present in the system under control has increased as
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would be expected for a higher overall disturbance level. It is noted, however, for multiple

disturbances the magnitude response for the feedforward and feedback cases align more closely.
The power spectral density in Figure 32 and Figure 34 show the significant frequencies in
the system. The frequency components at 5 and 14 Hz are the rigid body modes of the platform
as previously discussed. Most of the remaining peaks are the 7 disturbances and their harmonics.
However, there are also frequencies present in all three cases around 60 and 70 Hz that are not
disturbance frequency harmonics. 60 Hz is most likely sensor noise, again amplified by the
beam calculation algorithm but the source of the other frequencies is unknown. Lastly, the
broad peak at around 31 Hz results from the resonance of the two actuators. Because of these
unknown frequencies and the more complex motion, the remaining jitter in the system is about
twice as much as what was recorded in the single frequency disturbance case. However, since
the overall energy level of the disturbance is greater, the feedback and feedforward spectral
results are much more closely aligned. In other words, while the errors in the feedforward
calculation show up in the single frequency disturbance case, they are masked by the magnitude

of the combination of multiple frequencies and harmonics in the multiple frequency case.
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Figure 34. LMS Spectral Analysis for Multiple Frequency Disturbances

4.6 Comparison

In order to gain a better understanding of how well the controllers were able to mitigate
the platform induced jitter, the standard deviation of the jitter was used as a scoring metric. The

standard deviation of the jitter before and after the controller was turned on was calculated and
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then used to find the percent improvement in the resulting jitter. In addition, the standard

deviation of the laser’s residual jitter of 0.525 prad was subtracted from the before and after
control results.

Table 2 and Table 3 show the percent improvement in the standard deviation of the jitter
angle for the 17 Hz disturbance and multiple frequency disturbances cases respectively. As
previously discussed, the feedback signal in the 17 Hz disturbance case performed the best in
mitigating the platform induced jitter. There was a significant difference between feedback and
feedforward for the 17 Hz disturbance case and the worst performer of all the experimental runs
was the feedforward signal with the LMS controller. This occurred because of errors in the
feedforward calculation which resulted in the addition of certain frequencies to the error signal
which did not exist at the target that the LMS controller attempted to correct. As can be seen in
Table 3, the feedback and feedforward signals were more closely aligned for the multiple
frequency disturbances case. Again, this is because the errors in the feedforward calculation,
which show up in the single frequency disturbance, are masked by the multiple frequencies and

their harmonics.

Table 2. Improvement in Jitter Angle for 17 Hz Disturbance

| Feedback | Feedforward
PI 97.6% 90.7%
LMS 96.0% 84.5%

Table 3. Improvement in Jitter Angle for Multiple Frequency Disturbances

| Feedback | Feedforward
PI 91.9% 91.7%
LMS 92.9% 90.8%
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5 Conclusion

5.1 Results

This research has demonstrated that it is possible to calculate a beam’s position for a
complex motion in real time based solely on platform and mirror positions. Using only three
position sensors on the platform and a mirror orientation, this investigation was able to
successfully calculate the position of a beam at a target approximately 5 m away with micro-
meter accuracy. This calculated beam position was then used in a feedforward compensation
technique to mitigate platform induced jitter. Using either PI or LMS controllers, the
feedforward signal reduced the standard deviation of the jitter by over 90%, except in the one
case of LMS control of a single frequency (17 Hz — 84%). The feedforward control algorithm
compared favorably to the feedback system, and while it did not produce as accurate a result, the
ability to control a beam without the use of target feedback is significant. Experimental results
also offered insights into ways the feedforward signal could be improved. For example, it was
discovered that not including the platform’s transverse motion, and only its rotations, degraded
the performance of the feedforward calculation. In addition, it was discovered that the
feedforward calculation had a 60 Hz component that was most likely the result of sensor noise,
amplified by the algorithm. This 60 Hz component, along with the other unknown frequencies in
the feedforward error signal, resulted in a power spectrum increase in the high frequency regime
(greater than about 30 Hz). These added frequency components represent motion that does not
exist in the platform disturbance, thus causing error in the controlled beam. Lastly, experimental
results revealed the presence of error sources such as the residual jitter in the laser and the effect
of the atmosphere the beam travels through. While these sources cannot be removed with this

model, they are significant and must be accounted for in a control system.

5.2 Future Work

One of the most successful aspects of this project is that it has laid a foundation for future
directed energy research here at USNA. Concerning this research, there are several areas that

could be improved to make this system more applicable to real directed energy systems. The
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first step would be to shift from off-board to on-board sensors to determine the position and

orientation of the platform. As previously described in the experimental setup, the current
sensors rely on a laser mounted off the platform which is obviously not realistic. One solution
would be to use angular rate sensors and accelerometers. These could provide rate and
acceleration data that could be integrated to find the position and orientation of the platform.
This solution would be representative of an inertial measurement unit which is used in real-life to
solve similar problems.

A second area that needs improvement is the actual jitter control system. Ideally, the
system would be able to correct platform induced jitter to less than 1 prad. One step would be to
improve the feedforward signal by including the x, y, and z displacements of the platform in the
feedforward algorithm. Currently, only the platform rotations are used to find the position and
orientation of the platform. While the displacements are small compared to the rotations, they
are significant as could be seen from the spectral analysis and would improve the accuracy of the
beam calculation. In addition, more work is needed to remove the 60 Hz noise in the
feedforward signal. This is most likely coming from one or more of the sensors and thus trouble
shooting each sensor is required. If the source of the noise cannot be discovered and/or
eliminated, some filtering technique may be required to eliminate the 60 Hz signal.

Other ways to improve the jitter control would be to improve the controller by adding a
filtered-x reference signal for the LMS adaptive controller. This would place an estimate of the
transfer function governing the FSM dynamics in the reference signal path to account for the
delay in positioning the FSM. Another adaptive algorithm, such as the Recursive Least Squares
(RLS) method or one of the lattice based algorithms could result in improved disturbance
rejection.

Additional planned improvements include the shift from an external or inertial reference
system to a line-of-sight reference frame. As the motion about the vector along the line of sight
is the cause of the degradation in intensity seen at the target impact location, a line of sight

reference frame would allow mitigation of the jitter without reference to an external frame.



APPENDIX A: Newport Fast Steering Mirror

Mirror Assembly

FSM-320
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Number of Axes
Angular Range from £10 V
Resolution
Repeatability
Accuracy from £26.2 mrad, 25°C®
Linearity from £26.2 mrad, 25°C®

Closed-Loop Amplitude Bandwidth for small signal
inputs (-3 dB)

Closed-Loop Phase Bandwidth (60° lag)
Response Flatness®
Noise Equivalent Angle
Resolution of Local Position Sensor
Operating Temperature Range
Storage Temperature Range
Sensor Warm-up Time for Mirror Stability at 25°C
Mass
Interconnect Cable Length

Dialectric Mirror Substrate Material

2 (tip-tilt)
+26.2 mrad (£1.5°), Mechanical®
<1 prad rms, Mechanical®
<3 prad rms, Mechanical®
<0.262 mrad (0.015°), Mechanical®

<1.0%

800 Hz at 10 mV (typical)

400 Hz (typical)
Peaking <3 dB
<3 urad rms
<0.5 prad
0 to 35°C (32 to 95°F)
-20 to 55°C (-4 to 131°F)
<10 minutes
11b (0.45 kg)
9.8 ft (3 m)

Pyrex
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Mirror Retaining Mechanism Mirror bonded;sp?;ggi&gm carrier, field
Pivot Point of Axes (centered on mirror) 12.19 mm behind mirror surface
Mirror Diameter 25.4 mm
Mirror Thickness 6.0 mm
Mirror Wedge <5 arc min
Clear Aperture (at 0° angle of incidence) >20.3 mm
Clear Aperture (at 45° angle of incidence) >14.4 mm
Reflectivity® Enhanced Aluminum: >93%, 450-700 nm
Surface Flatness® (after coating and bonding) <M10 at 632.8 nm over clear aperture
Surface Quality® 15-5 scratch-dig

1) Optical angular range is equal to twice the mechanical angular range.
2) Optical parameters apply to central 80% of mirror aperture.

Controller/Driver

Command Input and Position Analog, +£10 V =+26.2
Output mrad
Peak Operating Power to Mirror 30 W
Continuous Maximum Operating

. I5W
Power to Mirror
Thermal Protection 60°C at mirror coil
Current Protection 3A

Operating Temperature Range 0 to 50°C (32 to 122°F)




Storage Temperature Range

Power

Mass

Envelope [w x h x d]

-20 to 55°C (-4 to 131°F)

100-240 Vac £10%, 47-63
Hz

5.451b (2.5 k)

9x3.45x 10 in. (229 x 88
X 254 mm)
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APPENDIX B: Newport Breadboard

Model 1G-33-2
Width 3 ft.
Length 3 ft.
Thickness 2.3 in. (58 mm)
Thread Type 1/4-20
Mounting Hole Pattern 1.0 in. grid

Surface Flatness

Working Surface

Core Design

Broadband Damping

+0.006 in. over 2 ft. (0.15 mm over 600 mm)

400 Series ferromagnetic stainless steel

Trussed honeycomb, vertically bonded closed cell construction, 0.010

in. (0.25 mm) Steel sheet materials, 0.030 in. (0.76 mm) triple core

interface

Integrated Damping including constrained layer core, damped

working surface and composite edge finish



Mounting Hole Type

Hole/Core Sealing

Maximum Dynamic

Deflection Coefficient

Maximum Relative

Motion Value

Deflection Under Load

Top and Bottom Skins
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Cut (not rolled) threads with countersink

Easy clean conical cup 0.75 in. (19 mm) deep Non-corrosive high

impact polymer material

<17x 10™

<13 x 107 in. (<3.3 x 10° mm)

<15x 107 in.

0.134 (3.4 mm) thick with integrated damping layer
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APPENDIX C: CSA Engineering Inertial Actuator
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APPENDIX D: On-Trak PSM

Description (From On-Trak Website: http://www.on-trak.com/theory.html)

Position Sensing Detectors “PSD’s” are silicon photodiodes that provide an analog output directly proportional to
the position of a light spot on the detector active area. The PSD allows you to simultaneously monitor position and
light intensity. The PSD is a continuous analog position sensor. Compared to discrete element devices, the PSD
offers outstanding position linearity, high analog resolution, fast response time, and simple operating circuits.

Theory Of Operation

A Position Sensing Detector consists of n-type silicon substrate with two resistive layers separated by a p-n junction.
The front side has an ion implanted p-type resistive layer with two contacts at opposite ends. The back side has an
ion implanted n-type resistive layer with two contacts at opposite ends placed orthogonally to the contacts on the
front side. On a single axis PSD, the electrodes are placed at opposite ends of the p-type resistive layer. A light spot
within the spectral range of silicon will generate a photocurrent that flows from the incident point through the
resistive layers to the electrodes. The resistivity of the ion implanted layer is extremely uniform so the
photogenerated current at each electrode is inversely proportional to the distance between the incident spot of light
and electrodes. The PSD outputs track the motion of the “centroid of power density” to an extremely high resolution
and ultra-high linearity. On-Trak Position Sensing Amplifiers take the photocurrent from each electrode and process

the signals to provide X, Y outputs independent of light intensity.

Position Resolution

The position resolution of a PSD is the minimum detectable displacement of a spot of light on the detector surface.

The position resolution of On-Trak PSDs are proven better than one part in a million. Resolution dependent on:

e Detector Size

e Detector Noise

e Light Input Intensity

e Bandwidth of the Electronic Signal Processing Circuits

Position Linearity

Position non-linearity is defined as geometric position error divided by detector length and is measured within 80%
of the detector length. Position non-linearity is typically better than 0.05% for the single axis PSD and better than
0.3% for the duolateral. The On-Trak vs competitor two-dimensional linearity plot shows the ultra linear
characteristic of these PSDs.

One-Dimensional PSD
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The one-dimensional PSD detects a light spot moving over its surface in a single direction. The photoelectric current
generated by the incident light flows through the device and is seen as an input bias current divided into two output
currents. The distribution of the output currents show the light position on the detector.

Duolateral Two-Dimensional PSD

The duolateral two-dimensional PSD detects an incident light spot position on its square surface. The photoelectric
current generated by the incident light flows through the device and is seen as two input currents and two output
currents. The distribution of the output currents show the light position of one dimension (Y), and the distribution of
the input currents show the light position of the second dimension (X).

Incident Light

|1 glz

— YAG
Lo — STANDARD
9+ —uv

RESPONSIVITY A/'W

Z00 300 400 500 &0 TOO BOD 900 1000 110D

WAVELENGTH nm

PSD Type | Spectral Range | Responsivity

Standard 400-1100 nm 0.70 AW @ 940 nm
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APPENDIX E: Newport Compact Air-Mount

Model SLM-1A
Load per Isolator 100 1b (45 kg)
Load Capacity 100 Ib (45 kg)
Max. Air Pressure 60 psi
Natural Frequency (Nominal), Max. 5
Natural Frequency (Nominal), Min. 3 Hz

Isolator Weight

Operating Temperature Range

1 1b (0.45 kg)

-40 to 83 °C
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NATURAL FREQUENCY « HERTZ

NATURAL FREQUENCY vs MAX. PRESSURE

AND % MAX. LOAD - SLM SERIES
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APPENDIX F: Newport Optical Table
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Model RS4000-46-18
Mounting Hole Type 1/4-20
Mounting Hole Pattern 1 in. grid
Length 6 ft.
Width 4 ft.
Thickness 18 in.




Working Surface

Deflection Under Load

Maximum Dynamic

Deflection Coefficient

Core Design

Broadband Damping

Hole/Core Sealing

Top and Bottom Skins

Crated Weight
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400 series ferromagnetic stainless steel

<5.0x 107 in. in. (<1.3 x 10~ mm mm)

0.4x10°

Trussed Honeycomb, Vertically Bonded Closed Cell Construction,

0.010 in. Steel sheet materials, 0.030 in. triple core interface

Constrained layer core, damped working surface and composite

edge finish

Easy clean conical cup 0.75 in. (19 mm) deep, Non-corrosive high

impact polymer material

3/16 in. (4.8 mm) thick with integrated damping layer

1234 1b (548 kg)
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Isolator Mounting Hole Dimensions

Y WIDTH (W)  LENGTH (L) DIMENSION (A)
R AT 6.00 (152.4) TYP i i
g ) . i - (152.4) in. ft in.
el el ¥ 360 200 53.0
| 1?4'-'|200L$ﬁb r!\ w 8o 180 47.0
i ON 08,000 Cee—| Wit 59.1 160 420
BOLT CIRCLE “Li—’ T £043(30) 140 370
TR AT WIDTH2 120 320
¢+ . - 8 00 270
Ly el 10 :
1 80 720
<A > 5.0 160
f——————————— L3 01320 - -




APPENDIX G: Newport Pneumatic Isolators
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APPENDIX H:

Class

Laser Diode

SmW, Class Illa

72

Typical Power Output
Beam Diameter
Beam Divergence
Line Width, Focused Spot
Focusing Distance
Dimensions
Module only
Projection Head
Bore Sighting (Beam vs. Housing Alignment)
Temperature Range
Frequency Drift
ESD Protection
Diode MTBEF, calc.
Current Draw
Input Voltage
Weight
Housing Material
*Class I1Ib Models

~75% of max. output power
3.8 x 0.9mm, typical collimated beam
0.45 x 0.95 mrad, typical collimated beam
<0.001" (25 microns) user adjustable
Face of module to past collimation

0.750" Diameter +0/-0.005"
0.734" Diameter
<3 mrad, collimated beam
+10°C to +48°C
0.25nm / °C
+8,000 volts
50 - 100,000 hrs, varies with model
65 - 150 mA, varies with model
5-6VDC
~65 grams
Black Anodized Aluminum
CDRH certified with key box

= Mon-Gaussian Lina

Relative Intensity vs. Angular Position Along Length of Line
= (Gaussian Line from Cylindrical Lens
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Line Thickness and Depth of Field vs. Projection Distance
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APPENDIX I:

Kistler Accelerometer Model 8690C5
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APPENDIX J: MATLAB Scripts

The following code is used to calibrate the beam control lab:

o\

M-file to calibrate DEV3

o\

o

R R R R R R R o e R

Ts=0.001; ssample time
fintime = 7; %$Length of data run.

calibrate=0;

%$Control Selection
$2=Control Off
%$0=Control On
On Off=2;

x On Off=0On_ Off;
y_On_Off=On_Off;

%2=Feedback
$0=Feedforward
control=2;
X _control=control;
y_control=control;

$2=PI

$0=LMS

PI LMS=2;
x PI LMS=PI LMS;
y PI_LMS=PI LMS;

PI LMS=2;

x PI LMS=PI LMS;
y PI_LMS=PI LMS;

if PI_IMS >= 2;

title control='PI Control';
end
if PI_LMS <=0;

title control='LMS Control';

end
% Shaker input (sinusiod, max 4 signals)
3 amp in volts, freqg in Hz
shakeramp = [0 0 0 01;
shakerfreq= [0 0 0 0];
shakeramp2 = [0 0 0 0];
shakerfreqg2= [0 0 0 0];
shaker start=0; $start time of vibrations in secs

shaker end=fintime;
shakephase= [0 0 0 0];
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chirp on = 0; IA chirp gain=1;

IA init freq = 1; 1IA final freq = 1000; IA targ time = 120; %Chirp

Parameters
xzero = 0; yzero = 0; % calibration const

FSM position=[0,0,0];

dist targ = 4.775; %distance to tgt (m)

mirror angle
for mirror

% (mrad) ;
cal otly = 0; cal otlx = 0;
cal ot2y = 0; cal ot2z = 0;
cal ot3y = 0; cal ot3z = 0;
cal ot4dx = 0; cal otdz = 0;

cal otby = 0; cal otdx = 0;

cal otez = 0; cal otex = 0;
cal ot7z = 0; cal ot7x = 0;
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of mirror (to be determined)

mux=0.015; leakx=1.0; % x axlis adaption rate and leakage

muy=0.035; leaky=1.0; % y axis adaption rate and leakage

wOx = 0; wly = 0; % initial tap gains

adapt = 0.5; % adaption start time in secs

biasx=-0.005*1; biasy=0.002*1; % estimate of bias correction

ax_to mx=1; ay to my=14; % estimate of gain correction for
accel

ot2y to m2y = -1/10;

mu y error = 0.05; leak y error = 1.0;
adapt y error = 0.0;

mu x error = 0.05; leak x error = 1.0;
% Reference Signal Selection
% 1=0T-1, 2=Accel-2 (a2Z2x and a2y)

x ref sel=1; y_ref sel=2;

zz=1; % number of delays for the predi

% Error source selection
% l=mirror postion, 2=0T3 position, 3

X _error sel=2; y error sel=2;

ctor ref signal

=0T2 position

45; mirror angle = mirror angle*pi/180*1000; % mounted angle

factor
factor

FSM to



accel lag = 1.05;
OT2y lag = 1;
mirror zero bc = [0.318;0;0.572];

beam dir source = [0.408;0;0.572];

beam start source = [0.508;0;0.572];

d1l 2 =20.762e6; % distance in micrometers (
d 2 3 = 0.864e6;

d1l 3 =1.152e6;

sd 12 =4d1 2%2;
sd 1 3 =d 1 3°2;

rmeanx = 0; rmeany = 0;
xdist 2 3 = 1/0.862;
xdist 1 3 = 0.4826;

xdist 2 3p = 1.5;
zdist 3 1 = 1/0.7491*1.15;

% Additional LMS parameters for Prediction
adapt y error = 0.0;
mu y error = 0.05; leak y error = 1.0;
mu x error = 0.05; leak x error = 1.0;

fsmlpx=0.0532*%0.45; fsmlix=(0.07*1.2/0.002); fsmldx=0.0;
fsmlpy=0.0705*0.45; fsmliy=(0.1*1.2/0.002); fsmldy=0.0;
avg mlxc = 0;
avg mlyc = 0;

[

$Plot Parameters

plot time=2.0; %length of plot in seconds

delay time=shaker start+l; %tdelay before start of example
plot

adapt=adapt+delay time+plot time; smodify adaption to be after delay

x _plot bias=200; y_plot bias=200; samt to bias example signal

pbiasy = 300; pbiasx = 300;

pidstart = (adapt-0.1)+1*0; % PID control start, sec, before adaption

tg=xpctarget.xpc;

Cl = (get(tg, 'Application'));C2="DEV3 revl9';C3 = get(tg, 'Connected");
C4d = '"Yes';

TFl=strcmp (Cl, C2);TF2=strcmp(C3, C4);

if ~TF1;

unload (tqg) ;

load(tg, 'DEV3 revl19'");

tg=xpctarget.xpc;
end
if ~TF2

error ('Connection with target cannot be established - aborting');
end
reply=input ('connect model (if not connected) and press enter ")
set param('DEV3 revl19', 'SimulationCommand', 'update')
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tg.StopTime=999;
+tg
replyl=input ('press enter when beam is centered on all three detectors )
pause (2.5)

_tg

clear tt oo

tt=tg.Time;

last2 = 2/Ts; endtt = length(tg.Time);
f2 = endtt - last2;

oo = tg.Output(f2:end, :);

cal otly = mean
cal otlx = mean
cal ot2y = mean
cal ot3y = mean
cal ot4dz = mean
cal ot4dx = mean
cal ot2z = mean
cal ot3z = mean

.
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cal otby = mean(oo(:,11));
cal otbx = mean(oo(:,10));

cal ot6x = mean(oo(:,22));
cal ot6z = mean(oo(:,21));
cal ot7x = mean(oo(:,24));
cal ot7z = mean(oo(:,23));

ot5y=tg.Output (:,11);
ot5x=tg.Output (:,10);

%% 2nd Calibration
cal tgty = 0; cal tgtx = 0;

tg=xpctarget.xpc;

Cl = (get(tg, 'Application'));C2='DEV3 revl19';C3 = get(tg, 'Connected");
C4d = '"Yes';
TFl=strcmp (Cl, C2);TF2=strcmp(C3, C4);
if ~TF1;
unload(tqg) ;

load(tg, 'DEV3 revl9');
tg=xpctarget.xpc;
end
if ~TF2
error ('Connection with target cannot be established - aborting');
end
Sreply=input ('connect model (if not connected) and press enter ")
set param('DEV3 revl19', 'SimulationCommand', 'update')
tg.StopTime=999;
+tg
Sreplyl=input ('press enter when beam is centered on all three detectors ')
pause (2.5)



_tg

clear tt2 oo02

tt2=tg.Time;

last2 = 2/Ts; endtt2 = length(tg.Time);
f2 = endtt2 - last2;

002 = tg.Output(f2:end, :);

otby calc=tg.Output(:,18
otb5x calc=tg.Output (:,17
cal tgty=mean (o002 (:,18))
cal tgtx=mean (002 (:,17))

figure (10)
subplot(2,1,1)
plot (tt,ot5y*500,tt2, (ot5y calc*500)),grid,
line ([0 2], [cal otby*500 cal ot5y*500])
line ([0 2], [cal tgty*500 cal tgty*500], 'color','r"')
title('Calculation based on FSM and plate motion')
xlabel ('sec'),ylabel ('y axis, \mum')
legend ('Actual', 'Calc’")
subplot(2,1,2)
plot (tt,ot5x*500,tt2, (ot5x calc*500)),grid
line ([0 2], [cal ot5x*500 cal ot5x*500])
line ([0 2], [cal tgtx*500 cal tgtx*500], 'color','r")
xlabel ('sec'),ylabel ('x axis, \mum')
legend ('Actual', 'Calc’")

The following code is used to run the beam control lab:
$M-file to Run DEV3 revl9
$Must run Calibration first!

$Save Experimental Data

savefile = 0y % Set to one to save data

% If want to save data, need to create the folder for cl
cl= 'C:\Documents and Settings\Tridentl\My
Documents\Experiments\2010\03 05\ex"';

if savefile==1;

replyl = input('input experiment number ', 's)
reply2 = input ('input run number ', 's)
else
replyl = 0;
reply2 = 0;
end

%***k*k*k*k*k************************

Ts=0.001; %sample time (s), 1if change, have to rebuild model
fintime = 6; %$Length of data run (s)
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calibrate=1; %just a variable for use in calibration, do not change
%$Control Selection
%$2=Control Off
%$0=Control On
x On Off=0;
y On Off=0;
%2=Feedback
%$0=Feedforward
control=0;
X _control=control;
y_control=control;
if control >= 2;
title control2='Feedback';
end
if control <=0;
title control2='Feedforward';
end
$2=PI
%$0=LMS
PI_LMS=2;
x_PI LMS=PI LMS;
y PI LMS=PI LMS;
if PI_LMS >= 2;
title control='PI Control';
end
if PI_LMS <=0;
title control='LMS Control';
end
% Shaker input (sinusiod, max 4 signals)
% amp in volts, freqg in Hz
a=1; %shaker 1
b=1; %shaker 2
shakeramp = [3*1 2*a 2*a 0.2*a]; %shaker 1
shakerfreg= [17 10 27 45]; Sshaker 1
shakeramp2 = [3*b 2*b 1*b 0]; S%$shaker 2
shakerfreq2= [13 23 41 0]; $shaker 2
shaker start=1; $start time of vibrations in secs
shaker end=fintime;
%Chirp Parameters
chirp on = 0; IA chirp gain=1;
IA init freq = 1; 1IA final freq = 1000; IA targ time = 120;
% LMS parameters for FSMB controller
mux=0.015*0.3; leakx=1; % x axis adaption rate and leakage
factor
muy=0.035*0.3; leaky=1; % y axis adaption rate and leakage
factor

)

wOx = 0; wOy = 0; % initial tap gains
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adapt = 2; % adaption start time in secs
biasx=-0.005*1; biasy=0.002*1; % estimate of bias correction
ax_to mx=1; ay to my=14; % estimate of gain correction for FSM to
accel
ot2y to m2y = -1/10;
mu y error = 0.05; leak y error = 1.0;
adapt y error = 0.0;
mu x error = 0.05; leak x error = 1.0;
% Reference Signal Selection
% 1=0T-1, 2=Accel-2 (a2x and a2y)
x ref sel=1; y ref sel=1l;

zz=1; % number of delays for the predictor

% Error source selection
% l=mirror postion, 2=0T3 position, 3=0T2

x_error sel=2; y error sel=2;
accel lag = 1.05;
OT2y lag = 1;

mirror zero bc = [0.318;0;0.572];
beam dir source = [0.408;0;0.572];
beam start source = [0.508;0;0.572];
d1l 2 =20.762e6; % distance in micrometers
d 2 3 = 0.864e6;

d 1 3 =1.152e6;

sd 1 2 =d1 2"2;

sd 1 3 =d1 3%2;

rmeanx = 0; rmeany = 0;

xdist 2 3 = 1/0.862;

xdist 1 3 = 0.4826;

xdist 2 3p = 1.5;
zdist 3 1 = 1/0.7491%1.15;

% PID gains for FSM Controller A

fsmlpx=0.0532*%0.45; fsmlix=(0.07*1.2/0.002);
fsmlpy=0.0705*0.45; fsmliy=(0.1*1.2/0.002);
avg mlxc = 0;

avg mlyc = 0;

$For Ziegler Tuning

Kpx=0.0532;

Kpy=0.0705;

o\°

o\°

ref signal

position

fsmldx=0.0;
fsmldy=0.0;

pidstart=shaker start + 1 %when control will start

clear otlx otly ot2x ot2y ot3x ot3y
clear otbx otby

clear otbx calc otby calc

clear delta z delta y delta x

clear mlx mly m2x m2y

g****Need to Change this if using a different Model****



set param('DEV3 revl9', 'SimulationCommand', 'update')
tg.StopTime=fintime;

+tg

pause (fintime+0.1)

_tg

clear tt oo

%Output Variables

%Output in volts, multiply by 500 to convert to micro meters
tt=tg.Time; %time (s)

otby=tg.Output (:,11); %$target y-axis (volts)

otbx=tg.Output (:,10); S$target x-axis

ot3y = tg.Output(:,7)*-500; % (micro meter)

ot2y = tg.Output(:,5

otly = tg.Output(:,3
ot3z = tg.Output(:,6
dir

ot2z = tg.Output(:,4)*500;

otlx = tg.Output(:,2)*-500; %neg b/c pos reading means plate moved in neg x-
dir

*-500; %neg b/c pos reading means plate moved in neg z-

o)

% Rotations (micro rad)
delta z=tg.Output(:,12)
delta x=tg.Output(:,13);
delta y=tg.Output(:,14)

$Target Calculation (volts)
otby calc=tg.Output(:,18);
otbx calc=tg.Output(:,17);

% Calculate Miss Distance and Jitter at Target
otbr = ((otby.”2+0ot5x.72).70.5)*500; % miss dist in um
ot5j = otbr./dist targ; % jitter in urad

% Jitter in Calculated Signal
otb5r calc=((otby calc.”2 + otbx calc.”2).”7.5)*500;
ot5j calc=ot5r calc./dist targ;

% Error Between Actual and Calculated Jitter angle
jitter error=ot5j calc-ot5j;
RMS=sum (sqrt (jitter error.”2))/length(jitter error)

% Percent Improvement with Control
shake=find (tt>=shaker start);
shake=shake (1) ;
control=find(tt>=pidstart);
control=control (1)-1;

done=length (tt);

ot5j shake=mean (ot5j (shake:control, :));
ot5j control=mean (ot5j (control:done, :));
Jjstdin=sqrt (var (ot5j (shake:control)));
jstdout=sqgrt (var (ot5j (control:done)));
ystdin=sqrt (var (ot5y (shake:control)));
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xstdin=sqgrt (var (otb5x (shake:control)));
ystdout=sqgrt (var (otby (control:done))) ;
xstdout=sqgrt (var (otS5x (control:done)));
impj=(1-(jstdout/jstdin))*100;
impy=(1l-(ystdout/ystdin))*100;
impx=(1-(xstdout/xstdin))*100;

if savefile==1;
c2= replyl; c¢3="' run'; cd=reply2;cb=".mat';
strsave = strcat(cl,c2,c3,c4,ch5);
save (strsave, ...
'tt', 'otby', 'otbx"', 'ot3y', 'ot2y"', 'otly"', 'ot3z"', 'ot2z"', 'otlx"', ...
'delta z', 'delta x', 'delta y', ...
'otSy calc', 'otbx calc')
end

$Plots
figure (5)
subplot (3,1,1)
plot(tt,delta x,'b"),grid, title('Plate Rotations'),xlabel('sec'),...
ylabel ("\murad'),legend('pitch")
subplot (3,1,2)
plot(tt,delta z,'g'),grid,xlabel('sec'), ...
ylabel ("\murad'),legend('roll")
subplot (3,1, 3)
plot (tt,delta y,'r'"),grid, xlabel('sec'), ...
ylabel ("\murad'),legend('yaw")
figure (2)
subplot (3,1,1)
plot (tt,ot5y*500) ,grid
title(['Laser Position at Target using ',num2str(title control), ...
" with ', (num2str(title control2))])
xlabel ('sec'),ylabel ("\mum'),legend('y axis")
axis([-inf inf -500 5001]);
subplot (3,1,2)
plot (tt,ot5x*500, 'r'"),grid
xlabel ('sec'),ylabel ("\mum'),legend('x axis")
axis([-inf inf -500 5001]);
subplot (3,1, 3)
plot (tt,ot5j, 'Color', [0 0.502 0]),grid,legend('Jitter")

title(['Percent Improvement in Jitter Angle = ',num2str (impj,4),'%"'])
xlabel ('sec'),ylabel ("\murad'),axis([-inf inf 0 100]);
figure (7)

subplot(2,1,1)

plot (tt,ot5y*500,tt, (otSy calc*500)),grid
title('Calculation based on FSM and plate motion')
xlabel ('sec'),ylabel ('y axis, \mum')
legend ('Actual', 'Calc'")

axis([-inf inf -500 5001]);

subplot(2,1,2)

plot (tt,ot5x*500, tt, (ot5x calc*500)),grid
xlabel ('sec'),ylabel ('x axis, \mum')
legend ('Actual', 'Calc’")

axis([-inf inf -500 5001]);



The following code is used to run a demonstration of the beam control system:
% demo DEV3

clear signals beam int in beam int out radstd radstdin n cuton
clear tin h radstdin h radstd

delayij=5; %delay in secs before jitter cut-on
dswx=2; dswy=11; % delay in secs for regulator cut-on
Gm=(52.4e-3)/20;

bmint=1; % set to > 0 to plot beam intensity
ns=10;

botl1=400; % dist from dist to otl
not3=318; % dist from control to ot3
bot3=715; % dist from dist to ot3

oe

20 microns at OT3 correspond to about 30 micro-Rad input disturbance

seedl1=23499; seed2=23475;
Ts=0.001;
np=0.000005; %0.000005 is about 35 microns at 200 Hz

oe

set selx/sely for regulator control:
1 = 1LMS 2 = LQG, 3 = LQG+GAL, 4 = Test Input
5 = GAL 6 = GAL+LQG

oe

o

selx=3; sely=3;

scdata=150; % 10 50 100
shaker end=40; %40 seconds if using 150

% build xPC application lms rev 3 or Lattice 1 and download it onto the
target
3 initialize above vars manually

% 1s connection with target working?
if ~strcmp (xpctargetping, 'success')

error ('Connection with target cannot be established');
end

%develop bullseye
for vx=0:0.1:6.3
ii=round (10*vx+1) ;
ytarg (ii)=10*sin (vx)
xtarg(ii)=10*cos (vx)
ytarg2 (ii)=20*sin (vx
xtarg2 (ii)=20%*cos (vx

X) ;
X) ;
)
)

end
clear vx



set param('DEV3 revl9', 'SimulationCommand', 'update')
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set sample time

stoptime to a high

tg = xpc; % create an xPC Object
tg.SampleTime = 0.001; %

tg.StopTime = 10000; % set

value

start (tqg); $ start execution

tic

[

% get property name of Parameter to tune

%$tPar = getparamid(tg, 'Gainl', 'Gain');
sc = addscope(tg, 'host'); % define (add)

% get indices of signals

signals(l) = getsignalid(tg,
signals(2) = getsignalid(tg,
% signals(3) = getsignalid(tg,
% signals(4) = getsignalid(tg,

o)

addsignal (sc, signals);
sc.NumSamples = 50; n_samples=50; %
to 50

a scope

'NumberTitle',

object

'ITnputs/I0O 106 AD input/Gainl');
'Inputs/I0O 106 AD input/Gain2');
'OT output Scopes/On Trac/Gain',
'OT output Scopes/On Trac/Gainl',

'numeric') ;
'numeric') ;

% add signals to signal list of scope object

set number of samples

set decimation to 4

4,

0.1 sec per picture

set TriggerMode to FreeRun

Does the figure exist?

'off');

sc.Decimation = 4; dec samples=4; %
% for Ts=0.0005 and Decimation =
% 2 msec per sample,
% (50 "asterisks" per snapshot)
sc.TriggerMode = 'Freerun'; %
figh = findobj ('Name', 'Laser Control'); %
if isempty (figh)
figh = figure; set(figh, 'Name', 'Laser Control',
else
figure (figh);
end

n_cuton:round(dswx/(n_samples*dec_samples*Ts));
samples till cut-on
m = 1; flag = 0; flagl=l; beam int std=l;

ro=3000;

microns

dratio=400/not3*1000;

distance to actual distance in m
stdv_val=0.63;
deviation from mean
dtx=-380;dty=-200;
for n =1 scdata
the scope object

o\°

100 50 loop to acquire

o)

% number of scope
$60e-3/0.5%2/pi

$beam diameter in

[

% ratio of demo

[

% one standard

data packages from



if isempty(find(get (0, 'Children') == figh)), flag = 1; break; end

mt = rem(m + 1, 5);

start (sc) ; % start scope object

while ~strcmpi (sc.Status, 'finished'); % wait until scope-object has

state 'finished'

end;

% create time vector, upload scope data and display it

t = sc.Time;

tin(n)=0.3%*n;

x1l=1le3*sc.Data; % input scope data and convert to microns
$x1(:,3:4)=x1(:,3:4)*bot3/botl; % account for diff in distance between

OT3 and OT2

o3
o
A\l

o\°

stdvy=sqrt(var(x1l(:,2)));
$stdvyin=sqrt (var(x1l(:,1)));
meany=mean (xl(:,2));
$meanyin=mean (x1(:,1));
stdvx=sgrt (var(x1l(:,1)));
h stdvx(n)=stdvx;
$stdvxin=sqrt (var(x1(:,3)));
%h stdvxin(n)=stdvxin;
meanx=mean (x1(:,1));
$meanxin=mean (x1(:,3));
radstd=sqgrt (stdvy"2+stdvx"2) ;
h radstd(n)=radstd;
ang radstd=radstd/not3*1000; % angular measure in mRad
$radstdin=sqgrt (stdvyin”2+stdvxin”2) ;
%h radstdin(n)=radstdin;
%ang radstdin=radstdin/botl1*1000; % angular measure in mRad
for vx=0:0.1:6.3
ii=round (10*vx+1) ;
yvr (ii)=radstd*sin (vx) +meany;
xvr (ii)=radstd*cos (vx) +meanx;
Syvrin (ii)=radstdin*sin (vx)-+meanyin;
$xvrin (ii)=radstdin*cos (vx)+meanxin;
end

o)

% upload and plot acquired data

figure (figh)
plot(x1(:,1),x1(:,2),"*r"),grid;
axis square
hold on
plot (xvr,yvr, 'k', 'LineWidth',1.2);
%plot (xvr,yvr,xtarg, ytarg, 'k',xtarg2,ytarg2, 'k', 'LineWidth',1.2);
hold off
title(['Position on Target'])
text (dtx,dty, [' Incoming Std Dev
, round (num2str (radstdin)), "\mu'], 'HorizontalAlignment"', ...
'left', '"VerticalAlignment', '"bottom', 'FontWeight', 'bold")
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% if toc>dswx
text (dtx,dty/1.5,["' Beam Std Dev
', round (num2str (radstd) ), "\mu'], '"HorizontalAlignment', ...
'left', 'VerticalAlignment', 'bottom', 'FontWeight', 'bold'")

% end
xlabel ('X-Position,microns')
ylabel ('Y-Position,microns')
axl=[ (meanx-100) meanx+100 meany-100 meany+100];
%$1f toc>dswx+3;axl=[-150 150 -150 150];dtx=-40;dty=40;end
%1if toc>dswx+10;h n=n;end
Saxis ([-50 50 =50 501]) % for closeup view
ax1=[-500 500 -500 5007];
axis (axl);
drawnow;
end
remscope (tg)
stop (tqg) ;

o

The following code is used to determine the error in the calculated beam position from
experimental data:

[

% Code to Find Error in Feedforward Calculation
act = Actual Jitter(2001:end)*500;

calc = Calc Jitter(2001:end)*500;

tt2 = tt(2001:end);

figure (1)

plot (tt2,act),grid, zoom

error = (act-calc)-mean (act-calc);

time = 0;

figure (2)
plot(tt2,error),grid, zoom
% rms_err = sqrt(sum(error.”2))
rms_err = norm(error) /sqrt (length (error))
y = smooth (error,101);
for i=1l:1length(y(1:(3/0.005)))
if abs(y(i))>1
time = time+0.0005;
end
end
time = time*1000;
figure (3)
plot(tt2,y),grid, zoom

axis ([1.0005 3 -2 2]);

line([1.0005 3],[1 1], 'Coloxr','x")

line([1.0005 3],[-1 -1],'Color','r")
(

text (1.5,1.2,['time outside \pm 1 \murad = '...
,num2str (time), ' msec'], 'BackgroundColor', 'w")
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The following code is used to determine and plot the spectral analysis of experimental data:
% Spectral Analysis Code

window= 8092;

noverlap = [];

nfft = [1;

Ts=0.001;
Fs=1/Ts;

[Pot5y,ff]=pwelch((SOO*otSy_calc(S/Ts:end)),window,noverlap,nfft,Fs);Pot5y=lO
*1ogl0 (Potb5y) ;

[Pot5x, ff]=pwelch ((500*ot5x calc(5/Ts:end)),window,noverlap,nfft,Fs);Pot5x=10
*1ogl0 (Potbx) ;

figure (30)
plot (ff, Potbx, ff,Pot5y),grid, zoom
title ('Power Spectral Density using Welchs method - OT5 ')
xlabel ('frequency, Hz')
ylabel ("dB/Hz")
legend ('otbx', 'otby")
axis ([0 100 -inf inf]);



APPENDIX K: Additional Simulink Blocks

Plots the sensor inputs:
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Inputs of all the sensors in the system:

Fast steering mirror (FSM):

(1 )r—— P

Inl

Xzero

4»,

X correction

+

In2

1)
FSM m 1x

Subtract8 v/ to mrad

4»,

p (2
FSM m1y

Subtractl v/ to mrad 1

yzero

y correction
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Calculates the rotations of the platform about the x, y, and z axes:

cal_ot3y

500

cal ot 3y

volts to urad

500
Gain 2
cal_ot2z

cal ot2z

Subtract 7

Product

Selector 3

Reflection
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cale
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Computes the normal to the mirror based on the platform’s rotations and the position of
the FSM:

Uses the normal to the mirror to compute the reflected direction of the beam:



Allows one to select either feedback or feedforward for the LMS controller:

<signall>

X_control

x_control

<signal2>

<otb5x>

L

—

Switch 5

<otby>

LMS filter:

y_control

3
Adapt

> Sar-rr::)le 1:

Filtered Ref Signal

Frame Status

Buffer B
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Switch1

RN

Xerror

>
RN
y_control >

Y error

Error

v

Prev TapsrL

Inputvector New Taps

Err

Coef Update

Integer Delay
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Allows one to turn on/off the control and to switch between using PI or LMS control:

T
In4

Switch 1

Controls the inertial actuator:
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0
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> H\
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Outputs commands to laboratory:
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